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1.0 SUMMARY 


The program to improve the cyclic thermal shock resistance of the 
sprayed Zirconia seal system evaluated '.nder NAS3-Z0623 continued with 
an analytical investigation of the effects of residual stress manage- 
ment and geometry modifications, A design with modified geometry, name- 
ly, reduced ceramic and substrate thickness and slotted rails, was 
selected for fabrication and experimental evaluation. 

Simulated engine cycle thermal shock rig testing indicated that the 
geometry modifications did reduce crack severity and propagation al- 
though both the baseline and improved geometry specimens showed more 
sensitivity to the thermal environment than the baseline configuration 
specimen tested earlier and described in NASA report CR-135387. It is 
possible, as explained later in this report, that stresses generated 
during machining may have weakened the test specimens and made them 
more susceptible to thermally induced stresses. 

The analysis of both the improved geometry and baseline systems corre- 
lated extremely well with the actual thermal shock test results. The 
maximum stress- to-strength value for both systems occurred at the point 
of actual crack initiation during the acceleration transient from idle 
to sea level take off. In addition crack progression during other 
points of the complete thermal cycle corresponded with the location of 
maximum stress to strength ratios. 

Refined measurement techniques and improved fixturing resulted in more 
accurate definition of the system properties. The use of the refined 
properties in the thermal analysis contributed to the good correlation 
between the analysis and thermal shock test results. 

Erosion resistance of the baseline and improved geometry specimens was 
basically identical and unchanged from previous tests under NAS3-19759 
and NAS3-20623. 

Abradability test results of baseline and improved geometry were not 
conclusive in that 50 percent of the specimens spalled prior to comple- 
tion of the tests. Cracks generated during machining contributed to 
these spallations. A review of rig test data, however, indicated rub 
performance of both systems to be basically consistent with previous 
testing reported in NASA CR-134579, CR-135183 and CR-135387. 

Additional analysis to determine an alternative system indicated that 
1.143 mm (.045 in) thick Zr02 version of the improved geometry system 
would be expected to have significantly improved thermal shock charac- 
teristics. The maximum stress to strength ratio at all operating condi- 
tions was calculated to be less than 1.0, Test specimens for this 
system have been fabricated. 


2.0 INTRODUCTION 

2 . 1 Previous Contractual Experience 

The program to develop a plasma sprayed graded yttria stabilized cera- 
mic (zirconia)/metal (CoCrAlY) seal system for turbine blade tip seal 
application reported in NASA CR-134879, CR-135183 and CR-135387 has 
produced encouraging results. Initial effort defined a baseline confi- 
guration composed of a ceramic top layer and three intermediate mixed 
layers of zirconia and CoCrAlY. Ceramic concentrations in these layers, 
progressing from the substrate to the ceramic layer, were 40, 70, and 
85 percent, respectively. This initial configuration demonstrated pro- 
mising abradability and erosion resistance, but the ability of the seal 
to withstand thermal shock and fatigue remained a concern. 

To evaluate the thermal shock and fatigue capabilities of the seal sys- 
tem, the physical properties of each of the graded layers were defined 
experimentally and used in a thermal and stress analysis using a typi- 
cal engine thermal cycle. The results of this analysis confirmed the 
need for further development indicating that the tensile stresses in 
the ceramic layer caused by thermal conditions would exceed the 
strength of the ceramic at the surface during the engine thermal cycle. 
On this basis, it was concluded that radial cracks would occur in the 
central portion of the ceramic surface as a result of thermal strain. 

A seal specimen was subsequently subjected to thermal fatigue tests 
simulating the conditions used in the analysis. The results confirmed 
the analysis; radial cracks were produced in the center of the ceramic 
surface. However, laminar cracking, not predicted by the analysis, also 
occurred. Several possible causes for the laminar cracking were identi- 
fied. Subsequent thermal and stress analysis indicated the benefit of 
reducing the number of intermediate layers from three to two with 
ceramic-to-metal 1 ic ratios of 40/60 percent and 85/15 percent. This 
approach simplified the fabrication process with no increase in pre- 
dicted stress. Testing of this configuration demonstrated a capability 
to withstand 100 simulated engine thermal cycles without spalling. 

Various other approaches were investigated in an attempt to further 
improve the system's ability to withstand thermal shock and fatigue. 
Included were changes in the material composition of the layers, pre- 
straining the seal by mechanical and thermal treatment of the substrate 
prior to spraying, annealing following spraying, and changing the 
geometry of the substrate. 

Analysis of the potential effects of varying the material composition 
indicated that the intermediate zirconia-metal layer ratios are approx- 
imately optimum with respect to minimizing thermal stresses. Only 
slight improvement could be obtained by this approach, but the improve- 
ment would not be sufficient to reduce the maximum stress below the 
measured material strength. Hence, this approach could not, by itself, 
provide the full solution to the problem. 
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Analyses indicated the possibility of utilizing mechanical pre-stress 
to reduce thermal stress in the system during engine operation. This 
approach was not considered for evaluation, however, because of the 
complexity and cost associated with the design and fabrication of suit- 
able fabrication fixtures. 

Post spray annealing was not considered feasible because rupture 
stresses would be induced at the 40/60 Zr02/CoCrAlY layer at tempera- 
tures well below the temperature at which reasonable creep rates would 
occur in the metal substrate. 

Thermal pre.'training of the metal substrate was found to offer the most 
potential fcr inducing compressive residual stresses in the seal system 
and was furtner evaluated through both testing and analysis. 

The analyses indicated that heating the substrate to 9220K (1200OF) 
prior to and during spraying would introduce residual compressive 
stresses that would reduce the tensile stresses in the center of the 
seal system during thermal cycling. Analysis based on information 
available at the time, however, indicated that the effect near the 
edges would be small, and the maximum tensile stress that would be 
experienced during thermal cycling would still exceed the strength in 
the Zr02 and the 85/15 Zr02/CoCrAlY layers. Laminar cracking or 
delamination at the edges, seen in subsequent thermal shock rig 
testing, substantiated these findings. Other properties of the ceramic 
system were unchanged by heating the substrate. Abradability and 
erosion characteristics were shown to be virtually unaffected. Erosion 
testing did show a slight tendency toward improved erosion resistance, 
but data generated to date is not sufficient to be conclusive. 

The NAS3-20623 baseline system fabricated without supplemental heating 
was also tested in the cyclic thermal shock rig for comparative pur- 
poses and successfully completed 500 cycles without spalling. 

2.2 Current Program Overview 

The objective of this program was to continue the development of the 
sprayed graded zirconia/CoCrAlY system for use as a turbine blade tip 
seal. Specifically, two approaches were investigated to reduce the ten- 
sile stresses predicted to result from engine thermal cycling while 
maintaining or improving both abradability and erosion resistance. The 
two approaches were: 1) reduce thermal stresses by modifying the 

geometry and structure of the system and 2) application of residual 
stress management. Both approaches were analyzed and evaluated, and the 
best approach, a geometry modification which involved a reduction in 
the stiffness of the substrate was selected for evaluation. 

Parts were fabricated by spraying the ceramic on both the baseline and 
improved geometry substrates. Physical property data was determined, 
tests conducted, and test results correlated with analysis and previous 
data. Reconimendations for further development were formulated. In addi- 
tion, further analysis identified the benefit, in terms of stress re- 
duction, associated with further reducing the Zr 02 layer thickness. 
Parts of this alternate design were fabricated for future evaluation. 
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3.0 TECHNICAL PROGRAM 


3.1 Analysis 

Baseline configuration parts, shown schematically in Figure 1, fabri- 
cated without supplemental heating of substrate and with substrates at 
922^K (1200OF) during spray deposition were exposed to a typical 
engine thermal cycle in the cyclic thermal shock rig, Figure 2, and the 
results reported in NASA CR-135387. An analysis was conducted on both 
parts to estimate the thermal stresses generated during the rig test. 
This analysis utilized latest available physical properties and resi- 
dual stress data to investigate the correlation between both stress-to- 
strength ratio and strain to strain to failure ratio and crack initia- 
tion during rig test. The analyses focused on the circumferential 
configuration which historically has been limiting with respect to 
thermal stresses. Acceleration, sea level take off (SLTO) and decelera- 
tion operating cycles were investigated. The results of this evaluation 
are presented in Figures 3 through 6. 



Figure 1 Typical Abradability Specimen 
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Figure 2 Cyclic Thermal Shock Test Rig 


The results of the analysis of the parts employing the 922°K 
(1200°F) preheated substrate during spray deposition correlated 
favorably with the actual test results. Stress-to-strength and strain 
to strain to failure ratios shown in Figure 3 are maximum and of suffi- 
cient magnitude, greater than 1.0, to indicate crack initiation at the 
edge of the part at the Zr02-85/15 Zr02/CoCrAlY interface during 
the acceleration portion of cycle. Crack initiation actually occurred 
during test at this location during the acceleration transient. The 
crack location is shown as well as the location of maximum stress-to- 
strength and strain-to-fai lure ratios in Figure 4. 

The thermal stresses during deceleration and the 40/60 Zr02/CoCrAlY 
layer acceleration and SLTO stresses were not shown in Figures 3 and 4 
because they were insignificant in magnitude. 
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Figure 5 Stress/Strength Ratios for the Baseline System Predict 
Failure at the Zr02 Interface Near the Edge During 
Acceleration 
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Figure 6 Maximum Stress/Streugth Ratio in the Zr02 Layer for the 

Baseline System Occurt: at the Crack Location During 
Acceleration 
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The results of the basieline system analyses did not produce the same 
correlation with the actual test results. The maximum estimated stress- 
tO“Strength ratio (1.9) shown in Figure 5 was calculated to occur dur- 
ing deceleration at the 40/60 ZrOg/CoCrAlY substrate interface and 
the maximum strain to strain-to-failure ratio (.6) was not sufficient 
to indicate crack intiation. The result uf the thermal shock test of 
the baseline system is shown in Figure 6 with the more important analy- 
tically predicted stress-to-strength and strain to strain to failure 
values. Crack initiation occurred at the Zr02 - 85/15 Zr02/CoCrAlY 
interface after 100 cycles. 

Subsequent experimental and analytical effort described later in this 
report indicates that the correlation between analyses and test results 
might have been improved by more complete property data. 

3.2 Improved System Selection 

Testing as reported in NASA CR-135183 and CR-135387 indicated that the 
thermal stresses produced in the seal system during engine operating 
conditions must be reduced. Several approaches were investigated on a 
preliminary basis and indicated sufficient potential for further inves- 
tigation. As a result, an analytical study was conducted to investigate 
the possibility of reducing thermal stress by 1) modification to the 
geometry of the configuration and 2) residual stress management. 

Various geometry modifications were investigated analytically to deter- 
mine which modification or combination offered the greatest potential 
to reduce thermal stresses during engine operation. The analyses uti- 
lized latest available property data and the residual stress distribu- 
tion defined under a current NASA contract NAS3-20590. The analytical 
program to define the stresses generated during engine operation re- 
quired that the residual stresses be incorporated by developing an 
associated stress free temperature (SFT) distribution. The SFT is the 
temperature distribution at which the part is stress free and is used 
to calculate stresses by means of the difference between the operating 
temperature and the SFT. The stresses calculated at room temperature 
would, for example, utilize the difference between room temperature and 
the SFT and associated property /temperature relationship and define the 
residual stress of the part. The circumferential configuration at ac- 
celeration conditions, generally the greatest stress condition, was 
used in the analysis. 

Previous analysis of the effect of geometric modification on thermal 
stress as reported in NASA CR-135183 and CR-13587 considered the number 
and thickness of intermediate layers and the ratio of metallic and 
ceramic in the intermediate layers. The current configuration was a 
result of these analyses and further effort to optimize these features 
was not considered worthwhile. Geometry modifications that were consi- 
dered in this analysis were 1) reducing the Zr 02 thickness, 2) reduc- 
ing substrate thickness and 3) reducing the stiffness of the substrate 
by slotting the substrate rails. 
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The geometric configurations that were analyzed are shown in Table 1. 
ine Slotted rail configuration considered was 13 equally spaced machin- 
ing cuts .762 to 1.016mm (.030 to .040 in) thick. ^ ^ 


Table 1 

Geometry Configurations of Several Alternatives 
Investigated Analytically 



Baseline 

1 

2 

ZrO^ 

Thickncos ^ cm 

.2286 

.2286 

.1524 

85/15 ZrOj/CoCrAlV 
Thlckncsa^ cut 

.0762 

.0762 

.0762 

«0/60 

Zt02/CoCrAlY 
Thlckneaa cci 

.0762 

.0762 

.0762 

Suba crate 
Ttilcknoss ... cm 

.2794 

.2794 

.2794 

Rail 

Cenfiguracton 

Solid 

Slotted 

U3) 

Slotted 

(13) 

Strcc] Free 
Temperature 
Dlacrlbucton 
Oft <®F) 

NAS3-20S90 

Biisclino 

NAS3-2059if 

Basollnc 

KASi-J0590 

Basollno 


Altornatlvca 


3* 

4 

5 

6 

,1524 

.1524 

.1524 

.1524 

.0762 

.0762 

.0762 

.0762 

.0762 

.0762 

.0762 

.0762 

.1524 

.1524 

.1524 

.1524 

Slotted 

(13) 

Slotted 

(13) 

Slotted 

(13) 

S.otted 

(13) 

HAS3-20590 

Basollno 

Constant 
700 (80C) 

Constant 
811 (1000) 

Constant 
922 (1200) 


* Scldcccd InppovciJ Gconotry Syatco 


Analysis was also conducted to evaluate the effect of residual stress 
management. Although the program did not provide for effort to define 
the fabrication process required to produce a given residual stress 
distributpn, the analysis attempted to evaluate the potential effect 
on operating stresses associated with residual stress management. Spe- 
cifically, cases were analyzed in which the configuration offering the 
lowest thermal stresses was evaluated with residual stress equivalent 
to a constant stress free temperature (SFT) of 70QOK (SOOOF), 8110K 
(lOOOop), and 9220K (1200OF) - alternatives 4-6 on Table 1. 


Results of the analyses indicated that of the three geometric cnnfimi 

Hr'"? - > 

terms of stress free temperature that could be acquired bv manaainr 
residual stresses. Table 2 presents the results Sf lhTanalvs?s® ?h^e 

THb) 
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Table No, 2 


CompariflPn of Strcss/Strengch Ratios Indicate The 
Btiidfit of The Improved Geometry System 




Rpw 

t4Bif 

ZrO^•^BS/|> Zt‘A 
Jnterrave 

fti719 2/H*40/60 Z/M 
Iniorface 

40/60 

1 

Acvel 

i.n 

0.7A 

0.41 

2 

91otto1 ft4llo 
Actrttl 

Alt«fn4tlvo Ni>» 1 

l*0S 

0.69 

0.44 

i 

Slotted RaIIii 
2r0> Accol 
AUermiitvo No* 2 

0.«6 

0.6B 

0.46 


Ittprovcd Ctmaetry 
Acctfl 

AUvrnntlvo No* J 

0.7(1 

O.Sl 

0.66 


922^1: iBproved 
Ccoaeiry Accel 
Altcrnatlvv No* 6 

0.92 

l.U 

0.49 

6 

loprovrd 
Ccoaocry Accol 
Alternative No* $ 

0.96 

1.31 

0.43 

7 

700^K Inproved 
Gcoeocry Accel 
AltvrnAtlve No* ^ 

l.OD 

1.49 

0.41 

R 

baaollne 5Un 

1.30 

0.41 

0*63 

9 

iQprovtd Ccooeiry 
Syiun SLTO 
Alternative Ho* 7 

0.97 

0.31 

0.64 

10 

Inpra^ed 
Ccosetrv SLTO 
Alternative! No. 6 

0*A6 

1,09 

Q.ia 

11 

tLiHttllne Occel 

0*U 

0,19 

0.23 

12 

iDproved Cooootry 
SyacirB Derol 
AlCornatlvo No. 3 

0.37 

0.08 

0.20 


Results, noted in the first four rows, indicate the benefit of reducing 
substrate thickness and reducing rail stiffness by the reduction of the 
stresses in the ZrOz to 0.76. The lack of similar benefit in the 
40/60 ZrOg/CoCrAlY layer was not considered significant in that the 
magnitude of stress to strength ratio was well below 1. 

Results of analysis at the acceleration condition of alternative stress 
free temperatures of 922°K (1200OF), SllOK (lOOOop) and 700OK (800OF), 
shown in Rows 5-7 did not indicate additional benefit. The best alter- 
native, a constant 922°K (1200°F) stress free temperature, was 
shown to have additional benefit at the SLTO condition. Row 10, in 
reducing stresses in the Zr 02 but at a cost of increasing the 
stresses in the 85/15 Zr02/CoCrAlY layer to a value greater than the 
layer strength by 9%. On the basis of this data, the improved geometry, 
consisting of reduced substrate thickness and reduced rail stiffness 
without residual stress control was evaluated. A final analytical check 
was conducted to insure that stresses during the decel transient would 
be acceptable. Results, shown in the last row of Table 2 indicate 
stresses comparable or less than the baseline configuration. 
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3,3 Seal System Evaluation 


The capability of the improved geometry system was evaluated by rig 
testing and analysis and compared with the baseline configuration per- 
formance. Parts of both the baseline and improved geomr ..ry system were 
fabricated and subjected to abradability, erosion and cyclic thermal 
shock rig testing. Properties were measured and thermal stress analysis 
was conducted to evaluate the stresses generated during cyclic thermal 
shock rig twisting and correlate analytical results with crack initia- 
tion and progression during rig test. 

3.3.1 Fabrication 

Three types of substrates were fabricated; 1) Mar-M-509 castings of the 
configurations shown in Figure 1, 2) Flats of Hastelloy X, and 3) Flats 
of low alloy steel. The castings were used to fabricate specimens for 
cyclic thermal shock and abradability testing. The Hastelloy X flats 
wjre used to fabricate erosion specimens. The low alloy steel flats 
were used to fabricate material property specimens. All the substrates 
were approximately 2.794mm (.110 in) thick except the improved geometry 
systein parts which were 1.524mm (.060 in) thick. The improved geometry 
system castings for cyclic thermal shock and abradability testing also 
had 13 equally spaced slots approximately .762mm (.030 in) wide 
machined into the rails. 

All spec'p"! except the material property specimens were sprayed with 4 
distinct layers, 1) NiCrAl base coat (approximately .102mm (.004 in) 
thick), 2) 40/60 ZrOg/CoCrAlY (approximately .762mm (.030 in) thick) 
and Zr02 3.048mm (.120 in) thick). The material property specimens 
were sprayed with 2 distinct layers, 1) NiCrAl bond coat (approximately 
.102mm (.004 in) thick) and 2) a 3.175mm (.125 in) thick ceramic layer. 

All of the specimens were final machined after plasma spraying. Laminar 
cracks near the 85/15 ZrOg/CoCrAl -40/60 Zr02/CoCrAlY interface 
were generated during final machining in all of the improved geometry 
system parts. 

An investigation of the machining techniques and procedures was 
conducted. Results of the investigation indicated that the method of 
fixturing the parts during machining may have been responsible. The 
fixture provided support for only half of the length of the part with 
the other half cantilevered. It is possible that the load generated on 
the cantilevered end of the part during machining contributed to the 
cracking. The cracks were noticeable on the improved geometry part 
which has less substrate stiffness than the baseline .parts. It is 
possible that the same machining techniques also effected the baseline 
parts although not as noticeable as the improved geometry parts because 
of the stiffer substrate. 


3.3.2 Rig Testing 


Abradabil ity, erosion and thermal shock testing for both the baseline 
and improved geometry systems were performed. Testing Indicated that 
the Improved geometry system had superior thermal shock capabilities 
and erosion character Istics superior to the baseline. 

3. 3.2.1 AbradabIMty Test Results 

Abradability rig tests were conducted under simulated engine condition 
of seal surface temperature, blade tip speed and Incursion rate. 

All abradability tests were performed with P&WA's high temperature 
abradability test rig shown In Figure 7. Twelve simulated turbine blade 
tips were mounted In the periphery cf a disk driven at the required 
speed by a compressed air turbine. The seal segment specimen was 
mounted in a fixture at the end of a horizontal post attached to a mov- 
able carriage assembly. The carriage assembl; moves the specimen 
radially into the rotor assembly at the required Incursion rate. The 
seal specimen was heated from both surfaces by an oxygen-jet fuel 
burner directed at the front surface of the seal and an electric hot 
air heater directed ot the rear surface of the seal. Gas flow, fuel 
flow and current flow were varied to control the seal surface 
temper atur e. 



Figure 7 High Temperature Abradability Test Rig ( E^A-S521 ) 
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Seal surface temperature was monitored by optical pyrometers. Carriage 
travel was monitored by a linear differential transformer. A load cell 
in the carriage feed system permitted determination of the average nor- 
mal force between the seal specimen and blade tips. All data was re- 
corded continuously on a strip chart. 

Blade tip and seal wear was determined through pre and post-test mea- 
surements. Relative abradability between different specimens and dif- 
ferent seal systems was assessed on the basis of the volume wear ratio 
(VWR): the blade tip wear volume divided by the seal wear volume. The 
smaller the volume wear ratio, the better the abradability of the seal 
system. 

Four abradability tests were conducted and results are summarized in 
Ta' le 3 with results of similar testing under previous contracts. The 
post test conditions of the four parts is shown in Figure 8. 

The first test was of a baseline specimen, rubbed at 1589°K (2400°F) 
surface temperature and 304.8 m/sec (1000 ft/sec) with twelve PWA 1455 
blades at an incursion rate of 0.0254 mm/sec (0.001 in/sec). The blades 
did not groove the seal and the average blade tip wear was 0.909 mm 
(0.0358 in). Thus a volume wear ratio could not be calculated. A thin 
layer of blade tip material transfer was evident at the blade contact 
area. 

This result was not consistent with results of earlier testing at this 
condition of similar systems under (NAS3-19759 and NAS3-20623) which 
produced as much as ,2032 mm (.008 in) of seal wear. All test parame- 
ters were checked and determined to be as specified and consistent with 
previous tests. The average hardness of the Zr02 surface was measured 
to be Rs45Y 77.3 which is within the range of previously tested spe- 
cimens. Metal lographic inspection also failed to substantiate anysig- 
nificant difference which would explain the difference in abradability. 

The second specimen (baseline) was rubbed at the same test conditions 
except that the incursion rate was 0.254 mm/sec (0.01 in/sec). The 
blades wore a groove 0.0508 mm (0.002 in) deep in the seal with an 
average blade tip wear of .5004 mm (0.0197 in), yielding a volume wear 
ratio of 64.69. This result is consistent with earlier testing. The 
third and fourth tests were conducted on specim(?os of the improved geo- 
metry. The rig parts developed laminar cracks and spalled severely 
after approximately 60 percent of the rub interaction. 

Spalling that resulted during testing of these specimens is attributed 
to laminar cracks located at the ends of the part that developed during 
machining. 

Abradability test results could not be compared conclusively with pre- 
vious data because of lack of seal grooving during the first test at 
.0254 mm/sec (.001 in/sec) and the lack of complete data on the third 
and fourth tests because of spalling. 
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3. 3. 2. 2 Erosion Test Results 


Erosion resistance of one specimen of each of the plasma sprayed 
ZrO?/CoCrAlY seal systems, I.e., baseline and Improved geometry, was 
evaluated by hot particulate rig testing at a Zr02 surface tempera- 
ture of 1589°K (2400OF) and an Impingement angle of 0.262 rad 
(150). 

Erosion tests were performed In the hot particulate erosion rig shown 
In Figure 9. The specimens were positioned at a distance of 3.81 cm 
(1.5 In) and 0.262 rad (IS®) relative to the end of tne combustor 
exit nozzle by a compound vise. The specimen was heated by Impinging 
jH-5 fuel and air combustion products on the Zr02 surface of the spe- 
cimen through a 1.905 cm (0.75 In) diameter exit nozzle. Specimen tem- 
perature and exit gas velocity were controlled by varying fuel and air 
flows. 



Figure 9 Hot Particulate Erosion Rig 

After the specimen temperature and gas velocity were stabilized, par- 
ticulate flow was initiated. The 80 grit AI2O3 particulate was gra- 
vity fed into a tube connected into the combustor exit nozzle approxi- 
mately 5.08 cm (2 in) upstream of the nozzle end when it was picked up 
and accelerated to the specimen surface by the hot gas stream. Particu- 
late flow rate was controlled by a precalibrated orifice in the storage 
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hopper discharge line. The weight of particulate used and the duration 
of particulate flow during the test was monitored to check the particu- 
late flow rate. 

Specimen temperature was measured optically on the ZrOg surface. Ero- 
sion wear was determined by measuring the weight loss of the specimen 
at five minute intervals. 

The erosion specimen consisted of the composite seal system sprayed on 
a flat Hastelloy-X plate nominally 3.81 by 6.35 cm (1.5 by 2.5 in). A 
cap screw was welded to the center of the flat Hastelloy-X plate for 
mounting in the test fixture. 

Erosion test results of both systems v/ere similar as would be expected 
since both structures were sprayed in the same manner. The baseline 
erosion rate in Table 4 indicates a factor of 5 difference compared to 
the improved system. This difference is attributable to the correspond- 
ing factor of 5 in the particulate flow rates of the two tests. 

A comparison of these test results and those of previous tests is also 
provided in Table 4. This comparison indicates the repeatability of the 
erosion resistance of the sprayed ceramic system. Figure 10 shows the 
baseline and improved geometry system specimens after testing. 


Table No. 4 

Erosion Test Data Summary 

Gas Hoxsio To Surface tnple^cmcnt ^articulate Tarclculato Particulate Erosion Resarka 


Cn»c 

Velocity 

Specimen Diet 

TcBT). AnalC'^Rad 

Typo 

Size 

Flov Kate Rato 

KAS3-:0621 
Tent Ho. 1. 

.35 Mach 

Ot. <in) 

3.81 (1.5) 

OF 

1589 (2A00) .262 

AI2O3 

80 Grit 

Kg/hr (Ih/lir) Ktn/Bln<lb/nin) 

0.544 (1.199) .004 (8.818) 922®K <1200‘^F 
system eti.> 
aprayeJ 

HAS3-200a 
Teat No. 2 

. 35 Macl» 

3.81 (1.5) 

1589 (2400) .262 

AI2O3 

80 Grit 

0. 544 (1.199) Undfiturninud Baseline cys~ 
tern as-sprayed 

HAS3-19759 
Teat Ko. i 

.35 Mach 

3.81 (1.5) 

1589 (2400) .262 

AI 2 O 3 

80 Grit 

2.72 (5.997) 0.0165(36. 376^aecUnc ays- 
tea Zr 02 
Uolnalnatlon 
nfior 10 min. 

NAS3-21390 
Teat No. 1 

.35 Mach 

3.81(1.5) 

1589 (2400) .262 

AI 2 O 3 

BO Grit 

2.72 (5.997) 0. 0108:23. fllO)Uasellnc sys- 
tetn nachiiied 

HAS3-21390 
Teat No. 2 

.35 Mach 

3.81(1.5) 

1589 (2400} ,262 

AljOj 

60 Grit 

0.544 (1.199) o,0025(S>512)lnproved sys- 
tea machined 
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390 - 4 - 10 390 - 5 -0 


BASELINE SPECIMEN IMPROVED GEOMETRY SYSTEM 

Figure 10 Tested Erosion Specimens 

3. 3. 1.3 Thermal Shock Test Results 

The durability of the sprayed Zr02/CoCrAlY seal system in an engine 
application will depend greatly on its capability to successfully sur- 
vive the initial and subsequent thermal cycles corresponding to the 
engine operational conditions. This is the most difficult parameter to 
satisfy with a ceramic seal because of the relatively low strength 
(especially tensile strength) of ceramic materials and the large mis- 
match in thermal growth between ceramic and metallic materials. The 
graded, layered system was designed specifically to compensate for the 
layer difference in thermal expansion between the metal substrate and 
ceramic. 

Cyclic thermal shock character istics were evaluated by rig tests which 
subjected the seal specimens to a thermal cycle simulating the gas tur- 
bine engine cycle from idle to SLTO and back to idle, shown in Figure 
11. A typical rig test cycle is also shown in Figure 11 and illustrates 
the close simulation produced by this rig. 

Earlier thermal shock test results reported in NASA CR-135183 indicated 
thermal stress cracking initiated very early during the test. Analysis 
indicated cracking could occur in the first thermal cycle during acce- 
leration to SLTO. Therefore, an attempt was made to better define when 
and where cracking was initiating by subjecting the seal specimens to 
an initial acceleration heatup cycle shown in Figure 12. 


18 


RE3>R0DUCIBIUTy OF THK 
ORIGINAL PAGE IS P(H)R 








The specimen was mounted in the cyclic thermal shock test rig, shown in 
Figure 2, by a fire brick holding fixture held by a water cooled copper 
fixture. A combination of oxygen-propane torches and cooling air jets 
was used to achieve the desired thermal cycles on the Zr 02 and metal 
substrate surfaces. The torches were mechanically moved toward or away 
from the specimen at controlled rates to provide the required thermal 
cycle. Fixed cooling air jets were turned on or off or the flow was 
changed at predetermined intervals to meeb the cycle requirements. The 
Zr02 and metal substrate surface temperatures were monitored continu- 
ously with an optical pryometer and thermocouples, respectively;, and 
recorded on a strip chart. 

Two specimens, one baseline and one improved geometry system, were 
tested. Both specimen were machined on the edges and Zr02 surface. 

The baseline specimen exhibited tight laminar cracks at the 85/15 
Zr02/CoCrAlY - 40/60 Zr02/CoCrAlY interface at three of the four 
corners (see Figure 13) as a result of exposure to the initial acce- 
leration transient. No radial cracks were detected during this inspec- 
tion. The first full simulated engine cycle resulted in additional 
laminar cracks at the Zr02 - 85/15 Zr02/CoCrAlY interface as well 
as radial cracks and the spalling of approximately a 1.27 cm (.5 in) 
long piece of Zr02 (see Figure 14). 

The improved geometry specimen exhibited tight laminar cracks at the 
85/15 Zr02/CoCrAlY - 40/60 Zr02/CoCrAlY interface at several loca- 
tions (see Figure 15) as a result of exposure to the initial accelera- 
tion transient. No radial cracks were detected during this inspection. 
After the first full simulated engine cycle the laminar cracking propa- 
gated slightly and radial cracks were observed (see Figure 16). Inspec- 
tion after twenty-five cycles revealed extensive laminar cracking at 
the 85/15 Zr02/CoCrAlY - 40/60 Zr02/CoCrAlY interface (see Figure 
17). As a result of the 59th cycle approximately a 1.27 cm (.5 in) long 
section of Zr02 - 85/15 Zr02/CoCrAlY material spalled off causing 
the test to be terminated (see Figure 18). 

The improved geometry system specimen was slightly modified (shortened) 
in an attempt to remove some laminar cracks which developed during 
machining. Approximately a 0.635 cm (.25 in) long end section of the 
specimen was removed. The success of this reoperation was questionable, 
however, because the machined surface was not smooth and some evidence 
of pitting was noticeable near the 85/15 Zr02/CoCrAlY - 40/60 
Zr02/CoCrAlY interface. This condition may have been significant with 
respect to the initiation and extent of cracking. 
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Figure 14 Baseline Specimen First Engine Cycle Crack Map 
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Figure 16 Improved Geometry System 1st Engine Cycle Crack 
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Figure 18 Improved Geometry System Specimen 59th Engine Cycle Crack 
Map 
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3.3.3 Analyses 

3. 3. 3.1 Material Properties 

Modulii of elasticity and rupture, thermal expansivity, thermal conduc- 
tivity and tensile strength in the radial direction were determined for 
each of the plasma sprayed ceramic and ceramic-metal layers for the 
seal system. Specimens were machined from parts sprayed on mild steel 
substrates. The substrates were removed from the specimens by machining. 

Modulii of Elasticity and Rupture 

Modulii of elasticity and rupture were determined at room temperature, 
the maximum operating temperature for each layer, and at one interme- 
diate temperature for each of the sprayed ZrOp/CoCrAlY layers and the 
Zr02 layer using the four-point flexure method. A strain gage, placed 
at midspan and center of each specimen, was used to measure specimen 
deflection for room temperature tests. Measurement of cross-head de- 
flection was used to determined specimen deflection at temperatures 
above strain gage capability 5890K {600Op). Test specimens measured 
3.048 X 953 x .254 cm (1.20 x .375 x .100 in) and were prepared such 
that the length of the specimen was in the circumferential direction. 
Property characteristics were determined at 294, 1255, 16440K (70, 

1800, 250QOF) for the Zr02 layer, 294, 672, 1200OK (70, 750, 

1700°F) for the 85/15 ZrOp/CoCrAlY and 294, 589, 1033°K (70, 600, 

1400OF) for the 40/60 Zr02/CoCrAlY. 

Modulus of rupture and elasticity are presented in Table 5. The modulii 
of rupture and elasticity increased with increasing percentage of 
metallic supporting the trend observed in previous measurements. The 
data was averaged with measurements taken under previous contracts and 
chese averaged results which include the data presented in Table 5 are 
summarized in Figures 15 and 20. A least squares approach was used in 
the data to define the relationship between the property and tempera- 
ture. The measurements taken at the intermediate temperature point for 
each of the materials resulted in a significant nonlinear relationship 
for the modulus of elasticity for both the 85/15 ZrOg/CoCrAlY and 
40/60 Zr02/CoCrAlY layers. The curves for these values shown in 
Figure 20 represent a significant change from the linear relationship 
assumed in the past based on data of only the maximum and minimum 
temperature points. 

A review of the data plotted in Figures 19 and 20 shows that: 

1. The modulus of rupture of the Zr02 is essentially constant at 
2.7 X lO^ N/cm (4.0 ksi) to 140QOK and decreases thereafter. 

2. The rupture modulus for the 85/15 Zr02/CoCrAlY material is es- 
sentially constant at 4 x 10^ N/cm^ (5.8 ksi). 
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3. The rupture modulus for the 40/60 Zr02/CoCrAlY material de- 
creases with increasing temperature. 

4. The modulus of elasticity of the Zr02 material decreases with 
increasing temperature. 

5. The modulus of elasticity of th'> 85/15 Zi^ 02 /CoCrAlY and 40/60 
Zr02/CoCrAlY materials decreases with increasing temperature 
until approximately 700®K after which the modulus increases. 

Table b 

Pour Point Bend Test Data 


Modulus of 
Elasticity 



Temperature 

Modulus of Rupture 

N/CmZxlO* 



: (°F) 

N/Cm^ 

(KSl) 

(lOh psi) 



RT 

2709.74 

(3.93) 

2.79 

(4.05) 

Y 203 


RT 

3399.24 

(4.93) 

2.84 

(4.12) 

Stabilized 

1255 

(1800) 

2178.82 

(3.16) 

0.69 

( 1 . 00 ) 

Zr 02 

1255 

(1800) 

2040.92 

(2.96) 

1.21 

(1.76) 


1644 

(2500) 

1337.63 

(1.94) 

0.83 

( 1 . 21 ) 

1644 (2500) 

882.56 

(1.28) 

1.83 

(2.65 



RT 

3592.30 

(5.21) 

2.14 

(3.11) 



RT 

3833.62 

(5.56) 

3.14 

(4.55 



RT 

3260.23 

(4.74) 

1.29 

(1.87) 



RT 

4130.11 

(5.99) 

1.85 

( 2 . 68 ) 

85/15 

Zr 02 /CoCrAlY 


RT 

4116.73 

(5.97) 

3.14 

(4.55) 

672 

672 

(750) 

(750) 

4178.37 

3626.77 

(6.06) 

(5.26) 

1.23 

1.03 

(1.78) 

(1.49) 


672 

(750) 

3847.41 

(5.58) 

1.10 

(1.59) 


672 

(750) 

3675.04 

(5.33) 

1.35 

(1.96) 


1200 

(1700) 

.033.58 

(5.85) 

2.34 

(3.39) 


1200 

(1700) 

3206.18 

(4.65) 

1.59 

(2.30) 


1200 

(1700) 

3481.98 

(5.05) 

1.85 

( 2 . 68 ) 


1200 

(1700) 

3247.55 

(4.71) 

2.59 

(3.75 



RT 

14479.50 

( 21 . 0 ) 

10.62 

(15.4) 



RT 

16410.10 

(23.8) 

5.65 

( 8 . 20 ) 



KT 

15237.95 

( 22 . 1 ) 

4.58 

(6.64) 


589 

(600) 

16410.10 

(23.8) 

3.4: 

(4.96) 


589 

(600) 

17306.45 

(25.1) 

3.10 

(4.49) 

40/60 

589 

(600) 

17168.55 

(24.9) 

3.55 

(5.15) 

Zr 02 /CoCrAlY 

1033 

(1400) 

16548.00 

(24.0) 

3.83 

(5.55) 


1033 

(1400) 

15789.55 

(22.9) 

3.56 

(5.17) 


1033 

(1400) 

16203.25 

(23.5) 

2.81 

(4.08) 





Thermal Expansi on 

The thermal expansivity for each material layer in the plasma sprayed 
Zr02/CoCrAlY seal system was measured in the circumferential direc- 
tion. Specimens measured 2.540 x 0.508 x 0.254 cm (1.0 x 0.2 x 0.1 in). 

After being accurately measured in the 2.540 cm (l-O in) direction, the 
specimens were instrumented with a Netzch Electronic Automatic Record- 
ing Dilatometer. The system was placed In the center zone of a closed 
chamber which was evacuated and then backfilled with helium. The speci- 
mens were then programmed for temperature rise and equilibrium at ap- 
proximately 100°K (180°F) intervals from 293°K (68°F) to 
12020K (1704OF), 13410ft (1954°F) and 1608OK (24340F) for 
40/60 ZrOg/CoCrAlY, 85/15 ZrOg/CoCrA.Y and Zr02 materials, re- 
spectively. An equivalent program for temperature fall and equilibrium 
was also Implemented. The rate of temperature rise and fall was approx- 
imately 50K/min (90F/min). 

The ZrO? material demonstrated a very definite shrinkage above 
I 4730 K (21920F) during the first thermal cycle, as shown in Figure 
21. Total shrinkage of 0.36 percent was measured. Subsequent cycles did 
not exhibit this shrinkage and were very repeatable. Figure 22 shows 
data typical of these subsequent cycles. 

The 40/60 and 85/15 Zr02/CoCrAlY materials demonstrated fairly re- 
peatable thermal growths both during heating and cooling and from cycle 
to cycle although some tendency to grow was seen. Data for these layers 
is shown in Figures 23 and 24, respectively. 



100 600 1000 1600 OOOO 3600 

TEMPERATURE ~‘’F 

Figure 21 Thermal Expansion Plasma Sprayed Zr02 First Cycle 


REPRODUCIBILIIY of thf 
ORIGEML PAGE IS POOR 


27 



80 SOO 1000 1S00 3000 2500 
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Figure 22 Thermal Expansion Plasma Sprayed Zr02 Thiiu Cycle 



SOO 1000 1&00 

TEMPERATURE ~ °f 


Figure 23 Thermal Expansion of Plasma Sprayed 85/15 Zr02/CoCrAlY 


28 


RFJ>R0DUCIBILITY ok the 
ORIGINAL PAGE IS POOR 



0 400 100 1700 leoo 


TEMPERATURE ~ ®E 

Figure 24 Thermal Expansion Plasma Sprayed 40/60 Zr02/CoCrAlY 


Thermal Conductivity 

Thermal conductivity was determined for each material layer in the 
plasma sprayed Zr02/CoCrAlY seal. 

Thermal conductivity (K) was determined by measuring the theT'mal dif- 
fusivity (or), density (d), and specific heat (Cp) and taking the pro- 
duct of these three measurements (K = a Cpd). 

Thermal diffusivity was measured by the highly developed laser flash 
technique. In this technique, a flash of radiant energy is deposited 
uniformly over one surface of a homogeneous specimen during a negligi- 
ble time duration and the heat pulse diffuses unidirectional ly to the 
opposite face. The diffusivity was calculated from the specimen thick- 
ness and the time required for the rear face temperature rise to reach 
a known percentage of its maximum value. The specimen used was shaped 
in the form of a disk, with a diameter of 1.7907 cm (.705 in) and a 
thickness of .1270 cm (.05 in). The accuracy in measuring the thermal 
diffusivity is considered to be +2%. 
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Specific heat, measured on a .635 cm (.25 In) diameter disk .254 cm 
(.10 In) thick. Mas measured In Argon using a standard Perkin-Elmer 
Model DS C-2 differential scanning calorimeter. The specimen holder and 
a holder for reference, equipped with heaters and temperature sensors 
detected fluctuations of the specimen holder temperature with respect 
to the reference as both were heated. A high gain, closed-loop electro- 
nic system provided differential electrical power to the heaters to 
compensate for fluctuations. This differential power was read out 
directly In ml 1 1 Icalorles per second and Is equivalent to the rate of 
energy absorption or evolution of the specimen. The specific heat was 
determined by comparing this rate with the rate measured during the 
heating of a known mass of sapphire. The accuracy of this device Is 
+3X. The upper limit for this test equipment Is lOOQOK (134QOF). 

Above this temperature values were determined by extrapolation. 

Density was determined by accurately measuring the apparent volume and 
mass of the specific heat specimen and then dividing the mass by the 
volume. 

The resultant thermal conductivity values for all three material layers 
are presented In Table J. These values are similar to previously mea- 
sured values at room temperature, however, at elevated temperatures 
these values are lower than prevlocsly measured by approximately 40X 
for the ZrOp, 50* for the 85/15 Zr02/CoCrAlY and 300X for the 40/60 
Zr02/CoCrAlY layer. The technique utilized to measure thermal conduc- 
tivity for this program Is different and more accurate than that uti- 
lized previously. Each layer of the system was tested under this pro- 
gram whereas previous measurements were taken of the Zr02 layer and 
the composite and values of the intermediate layers were then estimated 
based or the percentage of Zr02 In each layer. Because of the Im- 
proved technique utilized under this program the values measured and 
reported In Table 6 are considered to be more accurate than previous 
values. 


Table No. 6 


Thermal Conductivity of Sprayed Ceramic Seal Constituents 
W/m“K (BTu in/HrFt2 •?) 


Temperatures 
OK (OF) 


Zr02 


85/15 i/n 


40/60 Z/M 


RT 


0.47 

(3.29) 

0.55 

(3.83) 

1.08 

(7.50) 

373 

1212) 

0.46 

(3.19) 

0.54 

(3.75) 

1.11 

(7.73) 

473 

(392 

0.46 

(3.18) 

0.53 

(3.68) 

1.20 

(8.32) 

573 

(572) 

0.45 

(3.15) 

0.53 

(3.67) 

1.31 

(9.10) 

673 

(752) 

0.45 

(3.13) 

0.54 

3.72) 

1.41 

(9.79) 

773 

(932) 

0.45 

(3.11) 

0.54 

(3.77) 

1.49 

(10.33) 

873 

(1112) 

0.44 

(3.08) 

0.55 

(3.84) 

1.54 

(10.69) 

973 

(1292) 

0.45 

(3.11) 

0.56 

(3.88) 

1.64 

(11.40) 

1073 

(1472) 

0.46 

(3.16) 

0.56 

(3.91) 

1.78 

(12.33) 

1148 

(1607) 





1.91 

(13.24) 

1173 

(1652) 

0.46 

(3.17) 

0.56 

(3.92) 



1248 

(1787) 



0.57 

(3.95) 



1273 

(1787) 

0.47 

(3. ''7) 





1373 

(1787) 

0.47 

(3.26) 





1473 

(2192) 

0.51 

(3.52) 





1573 

(2372) 

0.53 

(3.67) 





1648 

(2507) 

0.54 

(3.77) 
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Hardness 


Superficial Rockwell 45Y hardness was measured on the as-sprayed Zr02 
surface of three of the abradability specimens, two baseline and one 
Improved geometry system. Keasurements were taken on machined surfaces 
after testing. 

The average hardness for all three specimens were similar and within 
the range of specimens (see Table 3) measured under previous programs. 

Tensile Strength In The Radial Direction 

Tensile strength In the radial direction was determined for each mate- 
rial layer In the plasma sprayed Zr02/CoCrAlY seal system. 

The wafer shaped specimens (1.27 cm diameter and .254 cm thickness (.5 
In diameter and .1 In thickness)) were machined from the substrates and 
bonded to modified stainless steel bond bars for testing. 

Measurements were performed at room temperature and at the highest ele- 
vated temperature possible (422°k (300°F)). The maximum temperature 
for these measurements were limited by the temperature capability of 
current state of art bonding techniques. FM-100 adhesive (American 
Cyanamid) was used for room temperature tests and FM-150 adhesive was 
used for elevated temperature tests. 

Figure 25 Illustrates the separation In approximately the middle of the 
specimen which was typical of the results of measurements of each the 
Zr02 and 85/15 Zr02/CoCrAlY materials. 



Figure 25 Results of Radial Strength Measurement of Zr02 
Illustrating Typical Fracture 
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Results of the radial strength measurements are listed In Table 7. The 
tensile strength of both the Zr02 and 85/15 ZrO?/CoCrAlY In the 
radial direction at room temperature was appreciably less, approximate- 
ly 1/5 the strength of the materials In the circumferential direction 
as measured by four point bend technique. Additional data should be 
generated and analyzed, however, to more accurately define the strength 
temperature relationship In the radial direction. The tensile strength 
testing of the 40/60 Zr02/CoCrAlY In the radial direction was Incon- 
clusive because of machining difficulties encountered In specimen pre- 
paration which resulted In partial delamlnatlon and contributed to the 
very low measured data. 


Table No. 7 

Radial Tensile Strength of Sprayed Ceramic Seal 


Tensile Strength 

Mate rial Temp. °K (°F ) Radi al Direction N/Cm2 (PSI) 


Zr02 


RT 

508.85 

(738) 

Zr02 


RT 

521.26 

(756) 

Zr02 


RT 

587.45 

(852) 

Zr02 


422 (300) 

333.03 

(483) 

85/15 

Z/M 

RT 

646.06 

(937) 

85/15 

Z/M 

RT 

682.61 

(990) 

85/15 

Z/M 

RT 

595.7^ 

(864) 

85/15 

Z/M 

422 (300) 

353.02 

(512) 

40/60 

Z/M 

RT 

104.11 

(151*) 

40/60 

Z/M 

RT 

32.41 

( 47*) 

40/60 

Z/M 

RT 

304.76 

(442) 

40/60 

Z/M 

422 (300) 

105.49 

(153) 


* Partial Delamination of Specimen 


Residual Stresses 


Two specimens, one of the baseline and one with improved geometry were 
used to determine residual stress distributions. Refined strain measur- 
ing techniques, developed through in-house development programs were 
utilized which improved the accuracy of the measurements in comparison 
to previous data. 

Residual stress distribution in the specimen was calculated using an 
infinite flat plate composite material model to determine a Stress Free 
Temperature (SFT) distribution through the specimen which would match 
the measured strains at the gage location in the circumferential direc- 
tion. The stress free temperature distribution is the temperature dis- 
tribution necessary to produce a zero stress distribution throughout 
the part. 
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A comparison of these results to those previously determined (NAS3- 
19759 and NAS3-20623) is provided in Figure 26. Larger discontinuities 
in the SFT at the 85/15 Zr02/CoCrAlY - 40/60 ZrOg/CoCrAlY and the 
40/60 Zr02/CoCrAlY - substrate interfaces were identified. This in- 
crease in SFT discontinuity causes an increase in resultant operating 
stresses. Crack initiation during thermal shock testing occurred at the 
85/15 Zr02/CoCrAlY - 40/60 Zr02/CoCrAlY interface, the location of 
the larger discontinuity in the SFT. 
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Figrure 26 Stress Free Temperature Comparison Curve 
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The stress free temperature distribution calculated for the two systems 
Were virtually identical verifying the previous assumption that 
substrate configuration for residual stress determination does not 
significantly affect the stress free temperature distribution. 

3, 3. 3. 2 Stress Analyses Correlation With Cyclic Thermal Shock Rig Test 
Results 

Analyses of both the baseline and improved geometry systems for actual 
rig test thermal cycles were performed. SFT distribution based on 
measured residual strains in the Zr02/CoCrAlY seal system specimens 
and average physical properties were used in this analysis. 

Temperature distributions were calculated based on measured tempera- 
tures on the ZrOg and metal substrate surfaces and thermal properties 
of the spray system materials using the two dimensional finite element 
computer program reported in NASA CR-135387. Temperatures were assumed 
uniform in the axial-circumferential plane thus only radial gradients 
were calculated. Figure 11 provides a comparison of the actual baseline 
and improved geometry test cycles to a typical estimated engine cycle. 
The Zr02 surface temperature for both tests matched the estimated 
engine cycle extremely well during all time points. The substrate sur- 
face acceleration temperature rate for both tests was not as rapid as 
the estimated engine cycle. This condition resulted in a large front to 
back surface temperature differential and correspondingly higher ther- 
mal stresses, thus resulting in a conservative acceleration portion of 
the thermal cycle. 

The substrate surface deceleration temperature rate for both tests was 
not as rapid as the estimated engine cycle. This condition resulted in 
a lesser front to back surface temperature differential and correspond- 
ingly lower thermal stresses, thus resulting in a less severe decele- 
ration simulation. However, since the deceleration condition is not 
limiting from a stress standpoint, the overall cyclic thermal shock 
tests were considered a slightly more severe simulation of predicted 
engine condition. 

Calculated thermal distributions were used in a two dimensional finite 
element plane stress computer program to estimate stress distributions. 
The thermal distribution used to determine the stresses during SLTO 
conditions was that representative of steady state condition of 75 sec 
into the thermal cycle. The thermal distribution through the seal for 
the acceleration and deceleration transients were defined by an analy- 
ses of the distribution through the seal at a number of time intervals 
into the transients. Ceramic surface temperatures (top) and substrate 
(bottom) temperature were evaluated and the temperature distribution of 
10 sec into acceleration and approximately 90 sec into deceleration 
which represented the largest and smallest differences between the top 
and bottom temperatures of the ceramic seal. The corresponding tempera- 
ture distribution through the seal was used to estimate stresses in the 
seal during the transient operation conditions. 
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An analyses of the circumferential plane was used to define the inter- 
nal stresses in the system since previous effort had determined that 
stresses in that plane were most severe. 

Stress distributions during acceleration, SLTO and deceleration were 
evaluated. A summary table of the maximum stresses, were at the 

interfaces, is provided in Table 8. The stresses were determined by 
scanning the finite element stress output for each of the geometry con- 
dition analyzed and identifying the maximum principle stress in each of 
the graded material layers. 

Results of the analyses correlated very well with cyclic thermal shock 
rig test results. For the baseline test, crack initiation was predicted 
analytically at the 85/15 ZrOg/CoCrAlY - 40/60 ZrOg/CoCrAlY inter- 
face edge during the acceleration portion of the cycle (1.20 stress/ 
strength ratio Table 8). Tight laminar cracking was observed in this 
area. After the acceleration abort test cycle, the analysis defined a 
stress/strength ratio of 1.78 and 1.90 at the Zr02 -85/15 Zr02 
CoCrAlY interface close to the center of the specimen as a result of 
thermal environment at SLTO and deceleration to idle. Inspection of the 
baseline parts after exposure to SLTO and deceleration revealed that 
the ceramic layer had spalled at the Zr02 - 85/15 Zr02/CoCrAlY in- 
terface about 1.27 cm (.5 in) away from the center. 

A similar correlation of analysis and test was shown for the improved 
system. Analysis predicted crack initiation at the 85/15 Zr02/CoCrAlY 
interface during acceleration with 1.01 stress/strength ratio and a 
laminar crack did result after the acceleration portion of the thermal 
shock test. Cracks in the location did propagate after one complete 
cycle (exposure to SLTO and deceleration). The stress/strength ratio at 
this location, 1.15, under those conditions was essentially the same as 
the value at the 40/60 - Zr02/CoCrAlY substrate interface but proba- 
bly more effective because of the stress riser at the existing crack 
location. 

Metallography 


Both of the cyclic thermal shock specimens were microsectioned after 
testing to identify any structural changes due to thermal exposure and 
to indicate location of cracks. Typical microsections of the baseline 
and improved geometry specimens are shown in Figures 27 and 28 respec- 
tively. 

A comparison of Figures 27 and 28 indicates the similarity of the 
structures and is an indication of the repeatability of the spray 
fabrication procedure. 
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85/15 Z/M 






40/60 Z/M 


85/15 Z/M 


Figure 28 Micror tructure of . Improved Geometry System 


RKPRODUCIBIUTY OF THK 
ORIGINAL PAGE IS POOR 


The crack location shown for the baseline system in Figure 27 is 
directly at the ZrOg - 85/15 ZrOg/CoCrAlY interface and extends 
along the entire axial and a majority of the circumferential plane. 

This crack occurred during the SLTO condition. Not shown in the metal- 
lography is another crack at the 85/15 Zr02/CoCrAlY - 40/60 
Zr02/CoCrAlY interface. This crack occurred during acceleration and 
extended approximately .254 cm (.1 in) both axially and circumferential 
at three of the four corners. The two cracks were joined by radial 
crack after the first full simulated engine cycle. 

The crack in the improved geometry system initiated near the 85/15 
Zr02/CoCrAlY - 40/60 Zr02/CoCrAlY interface. The crack extended 
along the full axial length either exactly at the interface or up to 
1.27 cm into the 85/15 Zr02/CoCrAlY layer. 

3. 3. 3. 3 Backup System Analyses 

Analysis was conducted to define a configuration which would result in 
lower stresses which could be fabricated as a "back-up" system. Two 
confipurations were analyzed. The first, shown as No. 5 on Table 8 
repl'^es the 40/60 Zr02/CoCrAlY material to eliminate the 85/15 - 
40/60 Zr02/CoCrAlY interface. The stress/strength ratio was estimated 
at 1.32 at acceleration and 1.49 at SLTO and therefore this configura- 
tion was not judged to be acceptable, the second configuration, a 0.45 
in Zr 02 thickness reduced stresses by ZQ% and eliminated all stress/ 
strength ratios greater than 1. This configuration was recommended to, 
and approved by, the NASA Project Manager and parts will be fabricated 
and delivered to NASA for testing. 
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4.0 CONCLUSIONS AND RECOMMENDATIONS 


4.1 Conclusions 


The close correlation between stress analysis and cyclic thermal shock 
results supports the accuracy of the design system. Analysis indicating 
that thermal stresses can be reduced to below the strength of the con- 
stituent material by reducing the zirconia layer thickness increases 
the confidence in attaining the objective of designing a sprayed graded 
Zr 02 /metallic/seal system for turbine application. 

An investigation of the reduced cyclic thermal shock resistance of 
specimens tested under this contract in comparison to results reported 
in NASA CR-135387 led to identification of a po'^sible cause. Several 
instances of crack initiation were observed during machining of speci- 
mens for rig testing which substantiated the need for improved fixtur- 
ing and tighter controls. Results reported in NASA CR-135387 were for 
the as-sprayed, non-machined state. It is possible therefore that 
microcracks generated during the machining operation did weaken the 
sprayed ceramic structure making it more susceptible to the stresses 
induced during thermal shock testing. It is also possible that the 
results could have been affected by control of residual fabrication 
stresses. 

Additional more complete property data generated under this program has 
identified a non-linear relationship betweer' properties and tempera- 
tures. The sensitivity of property values with respect to temperature 
indicate the advisability of even more complete data to define the re- 
lationship even more accurately. 

4 . ? Re commendations 

Testing (thermal shock, abradability and erosion) of the .045 inch 
thick Zr02 layer improved geometry system should be performed to sub- 
stantiate the analytically expected improvements. 

More complete definition of sprayed material properties is needed to 
more accurately predict performance of the Zr02/CoCrAlY seal system. 

The temperature dependence of the elastic and rupture modulii, in par- 
ticular, should be substantiated by more testing at various intermedi- 
ate temperature points. Possible changes in material properties and 
mi crostructure resulting from thermal exposure in an engine environment 
should also be investigated to evaluate the effect of aging on thermal 
shock characteristics of the seal system. 

A study to determine the effects of machining the Zr02/CoCrAlY seal 
system and evaluate procedural changes to eliminate any adverse effects 
should be conducted. 

Techniques for the control of fabrication stresses necessary for con- 
sistency and maximum life should be developed. 
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